through regulation of two inhibitors, Dig1 and Dig2
with the distinct phenotypes elicited by these stimuli ( Figure 1C) . The set of genes for which the promoter (Bardwell et al., 1998; Olson et al., 2000; Pi et al., 1997; Tedford et al., 1997) . Ste12 can form a complex with occupancy by Ste12 (measured as ChIP enrichment) was consistently higher during mating than filamenta-these two proteins and is released from the complex upon activation by pheromone (Tedford et al., 1997) . tion conditions will be referred to as mating-specific. FAR1, which is required for G1 arrest in response to Both MAPKs phosphorylate Dig1 and Dig2, as well as Ste12 (Breitkreutz et al., 2001; Cook et al., 1996; Elion pheromone (Elion, 2000 Peter et al., 1993) , as well as another gene encoding a G1 progression inhibitor, et al., 1993; Song et al., 1991; Tedford et al., 1997) .
Here, we use a genome-wide binding assay that com-PHO81, were bound by Ste12 in a mating-specific manner. Additional mating-specific Ste12 target genes bines chromatin immunoprecipitation (ChIP) with DNA microarray technology (Iyer et al., 2001; Ren et al., 2000) ( AFR1, AGA1, ASG7, CHS1, CIK1, FIG1, FUS1, FUS2,  HYM1, KAR5, PRM1, PRM2, PRM3, PRM4, PRM6 , to study the binding behavior of Ste12 during mating and filamentation. We find that Ste12 binds to distinct SCW10, SCW11, and SPC25) are known to be required for the cell to form the mating projection and undergo promoters in vivo under different conditions and that the different sets of genes specify distinct developmental cell fusion with its mating partner (White and Rose, 2001 ). programs. The global switch in target gene specificity of Ste12 depends on the transcription factor Tec1 during
The set of genes for which the promoter occupancy by Ste12 was consistently higher during butanol exposure filamentation and is differentially regulated by the two MAPKs. Consistent with previous genetic findings, both than pheromone exposure will be referred to as filamentation-specific ( Figure 1C) . This set included genes MAPKs have the ability to induce mating genes in response to pheromone, but Fus3 has an additional activ-encoding G1 cyclins (CLN1 and PCL1). A role for Ste12 in promoting cell cycle progression during filamentation ity that inhibits Ste12 binding to filamentation genes under the same condition. Thus, regulation of Ste12 is consistent with previous evidence that CLN1 is regulated by Ste12 (Elion et al., 1991b; Madhani et al., 1999 ) binding, and not selective activation of transcription factor complexes already bound to DNA, is the mechanism and evidence that the filamentation phenotype requires G1 cyclins (Rua et al., 2001) . The filamentation-specific by which the two MAPKs regulate distinct gene expression programs and direct cells toward specific develop-Ste12 target genes also included many genes known to regulate polarized growth and budding (ACT1, BEM1, mental fates.
BEM2, BUD8, BUD14, CHS7, CLA4, MSB1, MSB2, RAX2) (Casamayor and Snyder, 2002), as well as genes Results that are induced during stress or starvation conditions (ADE1, CWP1, GFA1, HAL1, HKK1, KRE1, KTR2, OPY2, Ste12 Exhibits Condition-Specific PAU5, PAU7, PRY2, SIM1, SKT5, SRL3, SVS1, YGP1, Binding Distributions YJU1, and WSC3). Although previous studies have demonstrated the re-A number of genes encoding signaling molecules quirement for the MAPKs and the transcription factor were found among the mating-specific target genes Tec1 in differential gene expression during mating and (GIC2, RDI1, and SCH9), among the filamentation-spefilamentous growth ( Figure 1A) , the mechanisms recific Ste12 target genes (BMH1, RGA2, RCK1, SHO1, sponsible for regulating Ste12-dependent gene expresand TEC1), as well as among those bound by Ste12 sion across the genome are not understood. To examine under both conditions (DIG1, FUS3, MID2, MSG5, STE2, Ste12 binding during these processes, we performed STE12, and SST2) ( Figure 1C ). Many of these molecules genome-wide location analysis on haploid cells (W303), are known to act in signal transduction networks uptreated with either pheromone, which induces mating stream of Ste12, raising the possibility that there are behavior, or with butanol, which induces filamentous stimulus-specific feedback mechanisms.
growth. Butanol-induced filamentation was analyzed because it produces a homogeneous population of cells, whereas haploid invasive growth on agar produces a
Genome-Wide Location of Ste12 Binding Partners mixture of cell types. The genetic behavior and cellular The transcriptional regulator Tec1 was shown to bind phenotypes produced by growth in butanol are othertogether with Ste12 at a filamentation-responsive elewise similar to those observed with haploid invasive ment (Baur et al., 1997; Madhani and Fink, 1997) . To growth on agar: slowed growth, a bipolar budding patdetermine the extent to which Tec1 and Ste12 bind to tern, cell elongation, and increased adhesiveness bethe same set of target genes in vivo, we identified the tween mother and daughter cell (Dickinson, 1996 tions. We found that the promoters bound by Tec1 overbinds to 38 promoter regions (P Ͻ 0.001) in the absence lap with those bound by Ste12 under all conditions studof stimulus and binds to a substantial number of addiied, but the largest overlap was found in the presence tional sites during pheromone exposure (65 at P Ͻ 0.001) of butanol (Figures 2A-2C , Supplemental Data available butanol treatment (57 at P Ͻ 0.001) that are unique to at http://www.cell.com/cgi/content/full/113/3/395/ each condition ( Figure 1B) . DC1). In the absence of stimulus, Tec1 binding is predominantly associated with genes that are also bound by Ste12 during filamentation (Figure 2A ). In response Ste12 Target Genes Specify Different Developmental Programs to butanol, Tec1 is bound to a very similar set of genes bound by Ste12 ( Figure 2B ). In response to pheromone, The genes differentially bound by Ste12 in cells exposed to pheromone and butanol have functions consistent Tec1 is bound to a subset of mating genes, but continues Genes for which the promoter occupancy by Ste12 (measured as ChIP enrichment, see Experimental Procedures) was higher during pheromone treatment than butanol treatment (mating-specific genes) include many genes previously characterized with functions in mating. The genes shown are involved in cell cycle arrest, mating projection, and cell fusion. Genes for which the promoter occupancy by Ste12 was higher during butanol treatment than pheromone treatment (filamentation-specific genes) are enriched for genes with known roles in cell cycle progression, budding and polarized growth, as well as roles in cellular defense mechanisms in response to starvation or stress. Mating-specific and filamentationspecific genes include genes whose products are involved in signal transduction, which might regulate gene expression indirectly. Genes with comparable Ste12 promoter occupancy under both conditions also include many genes encoding signal transduction molecules. Most of them regulate the mating pathway that leads to Ste12 activation. to bind to genes bound by Ste12 during filamentation no longer binds to most filamentation genes ( Figure 2E and Supplemental Data available at available at http:// conditions ( Figure 2C ).
To gain further insights into the association of Ste12 www.cell.com/cgi/content/full/113/3/395/DC1). In contrast, when cells lacking Tec1 are exposed to mating and Tec1 with filamentation and mating genes, we examined the frequency of Tec1 consensus binding sites pheromone, Ste12 continues to bind most mating genes ( Figure 2F and Supplemental Data available at above (CATTCY; Andrianopoulos and Timberlake, 1994; Madhani and Fink, 1997) in promoters bound by both Ste12 website). We conclude that Ste12 binding to most filamentation genes depends on concurrent binding with and Tec1 (Figure 2D ). This analysis revealed that filamentation-specific genes bound by both Ste12 and Tec1
Tec1, whereas Ste12 binding to most mating genes does not. are highly enriched in Tec1 binding sequences (P Ͻ 3 ϫ 10 Ϫ7 ), as expected. In contrast, mating-specific genes,
We also examined the binding distributions of Mcm1, a transcription factor known to associate with Ste12 at whether bound by Ste12 alone or by both regulators, are not significantly enriched in Tec1 consensus binding some mating genes, as well as Dig1, a repressor that binds to Ste12. Although Mcm1 binding shows a signifi-sequences.
We then tested whether Tec1 is required for the condi-cant overlap with Ste12 under all conditions (Supplemental Data available at above website), the overlap tion-specific Ste12 distribution using tec1 mutant cells. When cells lacking Tec1 are exposed to butanol, Ste12 was not biased toward mating-specific genes, sug- gesting that Mcm1 does not direct the binding of Ste12 deletion strain, a fus3 deletion strain, or in a strain carto pheromone-induced genes. The distribution of Dig1 rying a point mutation that eliminates the kinase activity was found to be highly similar to that of Ste12 under all of Fus3 ( Figures 3A and 3B) . Thus, binding of Ste12 to conditions, indicating that Dig1 is associated with Ste12 mating-specific genes in the presence of pheromone as it redistributes to the appropriate target genes in requires MAPK activity. response to pheromone or butanol. The ChIP enrich-We then determined whether the binding of Ste12 to ments obtained with Dig1 at mating-specific promoters filamentation-specific genes is altered in kss1 or fus3 in response to pheromone, however, are not as high as mutant strains exposed to butanol. The results (Figures those obtained with Ste12 under the same condition 3C and 3D) show that Ste12 binding to filamentation-(Supplemental Data available at above website), consisspecific genes is only marginally affected by the loss of tent with biochemical evidence that Dig1 is not as tightly either one or both MAP kinases, or by a point mutation associated with Ste12 in cells exposed to pheromone that eliminates the kinase activity of Kss1 (K42R). Thus, (Tedford et al., 1997) .
binding of Ste12 to filamentation-specific genes during butanol-induced filamentation does not require MAPK activity.
Dependence of Ste12 Binding on MAP Kinases
We also investigated whether the MAPKs might have a The MAPKs Fus3 and Kss1 have been shown to activate role in preventing inappropriate binding of Ste12 during Ste12, but whether they also regulate Ste12 binding is butanol or pheromone exposure. When cells are exnot known. We therefore analyzed whether the binding posed to butanol, binding of Ste12 to mating-specific of Ste12 changes in kss1 or fus3 mutant strains exposed genes is only marginally affected by the loss of Kss1 or to pheromone or butanol. We found that Ste12 binding Fus3 or both MAPKs (Figures 3E and 3F) . In contrast, to mating-specific genes in response to pheromone is Ste12 binding to filamentation-specific genes in reessentially eliminated in a fus3 kss1 double deletion strain, but is affected to only a limited extent in a kss1 sponse to pheromone exposure is significantly in- Figure 1B.  (B, D, F, and H (G) In cells lacking Fus3 (fus3⌬) exposed to pheromone, Ste12 binds to promoters that are bound in wild-type cells only after exposure to butanol (overlap in purple). (fus3⌬ kss1⌬) , the average Ste12 ChIP enrichment of filamentation-specific promoters is also significantly increased. creased in a fus3 deletion strain ( Figures 3G and 3H vated in cells with a mutation that impairs the kinase function of Fus3 (K42R) and in a fus3 kss1 double dele-and Supplemental Data available at available at http:// www.cell.com/cgi/content/full/113/3/395/DC1), but un-tion strain ( Figure 3H) . These data indicate that Fus3 inhibits Ste12 binding to filamentation-specific genes in altered in a kss1 deletion strain. Binding of Ste12 to filamentation-specific genes is also significantly ele-the presence of pheromone and that this inhibition is 
(H) The average Ste12 ChIP enrichment of filamentation-specific promoters after pheromone exposure is essentially unaltered in cells lacking Kss1 (kss1⌬) but is significantly increased in cells lacking Fus3 or in cells with a point mutation that impairs the catalytic domain of Fus3 (K42R) as compared to wild-type cells. In cells exposed to pheromone but lacking both Fus3 and Kss1

dependent on the Fus3 kinase activity and at least partly not regulate Ste12 binding by inhibiting cell cycle progression. The inhibitory function of Fus3 is dependent independent of Kss1. on Tec1, however, because tec1 fus3 double mutants no longer show the increased expression of filamentation-Fus3 Inhibits Expression of Filamentation
specific genes observed in fus3 mutant cells ( Figure 4B) .
Genes during Mating
These results confirm our observation that regulation of Our results indicate that differential regulation of Ste12 filamentation-specific genes by Ste12 is Tec1-depenby Fus3 and Kss1 occurs at the level of DNA binding. dent and indicate that Fus3 inhibits the expression of To confirm that the observed difference in Ste12 binding filamentation-specific genes during mating in a Tec1between kss1 and fus3 mutants is responsible for differdependent manner. ential gene expression in those mutants, we analyzed previously published expression data sets for various Discussion mutant cells exposed to pheromone ( Our data show that the transcription factor Ste12 directly (2001) reported that the genome-wide expression proregulates yeast mating and filamentation genes by bindfiles of the fus3 deletion strain and the kss1 deletion ing to different promoters in response to distinct extrastrain exposed to pheromone were highly correlated cellular stimuli. Binding of Ste12 during filamentation is and concluded that Fus3 and Kss1 have no specificity dependent on concurrent binding of the transcription with respect to their effect on gene expression. Howfactor Tec1, suggesting that the condition-specific disever, knowledge of the genes bound directly by Ste12 tribution of Ste12 is regulated in part by its transcription allowed us to perform a more sensitive statistical analyfactor partner in vivo. Our results also reveal that Ste12 sis. When we tested whether expression of the set of binding is regulated by the two MAPKs Fus3 and Kss1.
filamentation-specific genes was different between Both MAPKs induce de novo binding of Ste12 to distinct wild-type and various mutants, the inhibitory role of Fus3
promoters in response to pheromone, but only in the on the expression of filamentation genes was evident presence of Fus3 binds Ste12 exclusively at mating-( Figure 4A) . In each of the fus3 mutant strains studied specific promoters. Since the Ste12 binding profiles of by Breitkreutz et al. (2001) , but not in the kss1 deletion fus3 and kss1 mutants in the presence of pheromone strain, the expression of filamentation-specific genes correspond to the gene expression programs and gewas increased relative to wild-type cells, and this innetic phenotypes obtained with these mutants, these crease was also exhibited by a catalytically inactive verresults indicate the two MAPKs differentially control the sion of Fus3 (Figure 4A ).
genome-wide target genes of Ste12 by regulating part-A second set of expression profiles from an inde-
nership-dependent DNA binding. pendent source (Roberts et al., 2000) , using a different genetic background (S288C) further corroborates our conclusion that Fus3 inhibits the expression of fila-Ste12 Target Genes Specify Different Developmental Programs mentation-specific genes ( Figure 4B) . In fus3 mutants but not in the kss1 deletion strain, the expression of Previous studies established that two different gene expression programs are induced during mating and fila-filamentation-specific genes was increased relative to wild-type cells in response to pheromone treatment. mentation, but the extent to which these developmental programs are induced directly by Ste12, or more indi-Deletion of Far1, a known substrate of Fus3 that mediates cell cycle arrest (Breitkreutz et al., 2001; rectly by regulators downstream of Ste12, was not known. For example, a well-studied target gene of Ste12 al., 1993), does not lead to increased expression of filamentation genes (Figure 4B ), suggesting that Fus3 does is TEC1 itself and Tec1 has been shown to induce fila- mentation independently of Ste12, if expressed at ap-ment of Tec1 binding sequences at those genes. In the absence of Fus3, Ste12 can still be activated by Kss1, propriate levels (Kohler et al., 2002) . Our study, however, revealed that Ste12, together with Tec1, binds directly but the DNA binding properties of Tec1 causes its partner Ste12 to bind to filamentation-specific genes in addi-to many target genes with known roles in filamentation. We conclude that Ste12 has a direct role in the induction tion to mating-specific genes. of key genes in the two developmental programs.
Regulation of Ste12 during Filamentation
Ste12 and Tec1 are found together at filamentation Regulation of Ste12 during Mating genes and deletion of Tec1 abrogates binding of Ste12 Binding of Ste12 to mating-specific genes in response to most of these genes. How is Tec1-dependent Ste12 to pheromone requires MAPK activity, consistent with binding induced during filamentation conditions? In the genetic requirement of either Fus3 or Kss1 for matcells lacking Fus3 and Kss1, Ste12 continues to bind ing. We found no evidence for the notion that the MAPKs to filamentation-specific genes, indicating that MAPK induce mating-specific binding of Ste12 by regulating activity is not required. We suggest that activation of known DNA binding partners of Ste12. Although Tec1
Ste12 through MAPK-independent mechanisms, and is detected at some mating genes in response to pherothe absence of inhibitory Fus3 activity, cause induction mone, Tec1 is not required for the binding of Ste12 to of Tec1-dependent binding of Ste12 to filamentation most mating-specific genes. We therefore suggest that genes in the presence of butanol. One MAPK-indepen-MAPK-induced alterations of Ste12 are sufficient to medent mechanism may involve the Srb10 cyclin-dependiate mating-specific binding ( Figure 5 ). The two MAPKs dent kinase, which has been shown to activate Ste12 might stimulate Ste12 binding to mating-specific genes during filamentation conditions (Nelson et al., 2003) . through their action on Dig1 and Dig2, since these fac-Why are mating-specific genes not bound by Ste12 tors inhibit both the transactivation and DNA binding during filamentation? One possibility is that the level of potential of Ste12 (Crosby et al., 2000; Olson et al., 2000) .
MAPK activity required for binding to mating-specific The MAPKs might also increase binding of Ste12 indigenes is insufficient under filamentation conditions. In rectly, by activation of Ste12 and subsequent increase addition, the contribution Tec1 makes to DNA site selecof Ste12 expression through autoregulatory stimulation tion by Ste12 could prevent binding of Ste12 to matingof its own promoter (Ren et al., 2000) . In support of specific genes under filamentation conditions ( Figure 5 ).
this, overexpression of Ste12 causes a large increase
We found that in tec1 mutant cells exposed to filamentain expression of mating genes (Dolan and Fields, 1990; tion conditions, Ste12 no longer binds to most filamenta- Roberts et al., 2000) . tion-specific genes but binds to other genes that were Our data also revealed a significant difference bepreviously not bound ( Figure 2C TRP1 kss1⌬::URA3 [B3697 (AMP, CEN, kss1-K42R::HIS3) B2724 (AMP, CEN, fus3-K42R::LEU2) ]; B2724 is from Brill et al., tion-specific probes was analyzed and the average log(10) ChIP 1994; Z1731: STE12::18MYC::TRP1 kss1⌬::URA3 fus3⌬::kanMX6 enrichment of each group was calculated for display. For statistical (this study). evaluation, a paired t test was performed by comparing the data All deletions are replacements of the entire ORF with a marker from wild-type and mutant background within either the set of filagene through transformation and homologous recombination of a mentation-specific probes or the set of mating-specific probes. The corresponding PCR product. Tec1 was tagged at the N terminus by null hypothesis is that data from mutant and wild-type are only inserting a tagging cassette at the beginning of the TEC1 ORF at distinguishable by noise (which can be expected to be Gaussian its normal chromosomal site, which leaves three copies of MYC when the data are log transformed). after looping out of the marker gene (Schneider et al., 1995) . Strains Analysis of Promoter Sequences with the Myc-tagged Ste12 or Tec1 are able to undergo shmoo For each probe present on the intergenic microarray, the occurrence formation, as well as invasive growth on agar plates with either 1% of Tec1 binding sequences (CATTCY) was calculated and those with butanol or ␣ pheromone (5 g/ml), similarly to the corresponding two or more were determined (792 probes). From these probes, 4 wild-type strains.
were present among the 24 probes that were bound by Ste12 in a mating-specific manner and were bound by Tec1 in the presence Data Acquisition of pheromone (P Ͻ 0.01), and 18 were present among the 30 probes Experiments were generally done in triplicate, starting with indepenthat were bound by Ste12 in a filamentation-specific manner and dent yeast colonies. An overnight culture of each sample (grown in were bound by Tec1 in the presence of butanol (P Ͻ 0.01). The selective media for strains with plasmids) was diluted in YPD to an significance of this enrichment for Tec1 binding sites was calculated OD600 of 0.1 and grown to 0.6-1 before harvest. To induce mating by hypergeometric distribution. behavior, cells were treated with ␣ pheromone (5 g/ml) for 30 min.
Expression Analysis of Filamentation-Specific To induce filamentation, cells were grown in YPD plus 1% butanol.
Target Genes of Ste12 To reach the required OD600, these cells grew approximately 14 hr.
The expression of filamentation-specific genes was analyzed by a Chromatin immunoprecipitation, amplification, and hybridization paired t test (see Ste12 binding analysis) to determine whether the of the DNA fragments to microarrays, as well as data processing was expression of all 85 putative filamentation-specific genes as a whole performed as previously described (Ren et al., 2000) . DNA fragments was significantly different between mutant and wild-type strain. derived from the chromatin immunoprecipitation (ChIP) were labeled with Cy5 and compared to genomic DNA fragments that were not enriched through immunoprecipitation and were labeled with Cy3.
